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MASS SPECTROMETER SYSTEM AND 
METHOD FOR MATRIX-ASSISTED LASER 
A DESORPTION MEASUREMENTS 

— FIELD OF THE INVENTION 



The present invention relates to mass spectrometer sys- 
tems useful for obtaining matrix-assisted laser desorption 
measurements. More particularly, this invention is directed 
to an automated mass spectrometer system for combining 
high sample throughput with high reliability. 

BACKGROUND OF THE INVENTION 

Matrix-assisted laser desorption and ionization (MALDI) 
is a relatively new technique that allows very large mol- 
ecules, such as DNA fragments and proteins, to be desorbed 
from a solid sample and ionized without significant decom- 
position. Coupled with mass spectrometry, this technique 
allows the molecular weights of biological polymers and 
other large molecules, including industrial polymers, to be 
precisely determined. One version of MALDI is described in 
a 1991 article in Rapid Communications in Mass Spectrom- 
etry, Vol. 5, Pages 198-202. A mass spectrometer suitable 
for obtaining highly reliable matrix-assisted laser desorption 
measurements is described in U.S. Pat. 5,045,694. 

Most MALDI applications to date have employed time- 
of-flight mass spectrometers, although magnetic deflection, 
Fourier Transform ion cyclotron resonance, and quadrupole 
ion trap mass analyzers have also been used. A liquid 
solution of the sample to be analyzed is mixed with a 
solution containing an appropriate matrix, and a small 
aliquot of this mixtures is deposited on the source of the 
mass spectrometer (inside a vacuum system). A vacuum lock 
is generally utilized to avoid venting the vacuum system. 
Loading a sample typically requires from one to several 
minutes, and the attention of a skilled operator. A diligent 
operator should theoretically be able to load and run a 
sample every five or ten minutes using such a system, but it 
is difficult to maintain such a rate over an extended period. 
U.S. Pat. 5,288,644 discloses one technique for reducing the 
required time. A plurality of samples are loaded onto the 
solid surface of a disk, which is rotated by a stepper motor 
for positioning each sample respectively for striking by a 
laser beam. 

Further improvements in the loading of samples for the 
laser desorption mass analysis are required for this analytical 
procedure to gain greater acceptance and significantly 
increase the use of this analytical tool. The disadvantages of 
the prior art overcome by the present invention, and an 
improved system is hereinafter disclosed for obtaining 
matrix-assisted mass spectrometer measurements. The load- 
ing of the samples is highly automated for achieving both 
high sample throughput and high reliability. The present 
invention has a wide range of application, and may be used 
with various analytical methods. 

SUMMARY OF THE INVENTION 

The present invention provides a highly automated system 
for preparing, loading, and running samples by MALDI 
mass spectrometry. Each step in the process may be con- 
trolled and monitored by a computer. All sample processing 
and identification information is recorded along with the 
mass spectra measurements, so that automated processing of 
the data may be performed. The typical input to this system 
is a collection of samples in relatively crude or unprocessed 
form, and the output provides direct answers to specific 
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questions posed by the scientists relative to the samples. 
This system is particularly useful in applications that require 
processing a large number of samples to provide the required 
data. Examples include DNA sequencing on the scale 
required by the Human Genome Project, protein sequencing, 
and determination of the locations and nature of post- 
translational modifications of proteins. 

While there are many potential applications of this inven- 
tion, the Human Genome Project provides a particularly 
timely example of the need for this advancement. The DNA 
that composes the human genome has about 3.5 billion base 
pairs. Although highly developed techniques for sequencing 
DNA have been developed, at least a decade would be 
required using available techniques to accurately sequence 
even one such DNA. Completion of the genome project will 
require sequencing thousands or possibly millions of such 
genomes from both humans and other organisms. The 
present invention will accordingly be described in detail 
below with particular emphasis on its application to DNA 
sequencing, but it should be recognized that it has other 
applications. 

It is an object of this invention to provide improved 
equipment and techniques for performing MALDI mass 
spectrometry analysis. The equipment and techniques of this 
invention substantially reduce both the time and expertise 
required to load, run, and analyze multiple samples, thereby 
significantly reducing the cost of the analysis. 

A significant feature of this invention relates to the 
effective combination of mass spectrometry equipment and 
techniques with matrix-assisted laser desorption ionization 
equipment and techniques. The equipment and techniques 
may be utilized to substantially reduce the cost of DNA 
sequencing. The invention may also be used for determining 
the molecular weight of various large molecules, such as 
biological and industrial polymers. 

A significant advantage of this invention relates to the 
reduced time required for mass spectrometry analysis of 
multiple samples. The invention is particularly well suited 
for use with a time-of-flight mass spectrometer. 

These and further objects, features, and advantages of the 
present invention will become apparent from the following 
detailed description, wherein reference is made to the figures 
in the accompanying, drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts one embodiment of a sample holder 
according to the present invention for loading multiple 
samples for mass analysis. 

FIG. 2 depicts an alternate embodiment of suitable appa- 
ratus for loading multiple samples for mass analysis. 

FIG. 3 is a block diagram of an automated system for 
processing and preparing samples, and for transferring mul- 
tiple sample aliquots on a sample plate to selected sample 
positions. 

FIG. 4 is a top view of a suitable system for automatically 
transferring sample plates between a sample storage cham- 
ber and an ion source chamber of a mass spectrometer. 

FIG. 5 is a front view of the system shown in FIG. 4. 

FIG. 6 is a top view of a simplified vacuum lock assembly 
prior to loading a sample plate into the vacuum lock cham- 
ber. 

FIG. 7 is a top view of the simplified vacuum lock 
assembly as shown in FIG. 6 after loading the sample plate 
into the analysis chamber. 
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FIG. 8 is a schematic diagram of a fully automated system 
according to the present invention. 

FIG. 9 is a schematic illustration of a matrix-assisted laser 
desorption ion source combined with a simplified represen- 
tation of a mass spectrometer according to the present 5 
invention. 

DETAILED DESCRIPTION OF PREFERRED 

EMBODIMENTS i 0 

Hie system according to this invention typically involves 
many components integrated under computer control into a 
fully automated system. A typical system of ten primary 
components includes: (1) a sample plate or other sample 
receiving surface upon which a large number of physically 
separated and distinguishable samples can be loaded in 
liquid solution then allowed to dry; (2) identification means 
for uniquely identifying each sample position and sample 
plate; (3) an automated system for processing and preparing 
samples and transferring aliquots to selected sample posi- 
tions on a sample plate; (4) drying means for storing one or 
more sample plates in a controlled environment; (5) trans- 
ferring means for automatically or manually transferring a 
plurality of sample plates from the controlled environment 
into the sample receiving chamber of the MALDI mass 
spectrometer; (6) an automated vacuum lock system for 
transferring sample plates between the receiving chamber 
and the ionization source of the MALDI mass spectrometer 
without significantly increasing the pressure in the mass 
spectrometer vacuum system; (7) sequencing means for 
sequentially placing each sample on the sample receiving 
surface in the path of the laser beam, so that its MALDI 
spectrum is recorded and stored along with the sample 
identification information; (8) means for automatically 
adjusting the laser intensity and sample position relative to 
the laser beam to obtain MALDI spectra which meet or 
exceed predetermined criteria; (9) means for automatically 
. calibrating the mass axis of the MALDI mass spectrometer; 
and (10) means for automatically interpreting the MALDI 
mass spectra obtained from one or more samples to deter- 
mine and produce the answer to a specific question. A 
scientist may thus make inquiry as to the sequence of the 
bases in a particular DNA fragment, and the system of this 
invention will rapidly provide the answer in a highly cost- 
effective manner. 

In some applications manual operations may be substi- 
tuted for the corresponding automated step, but the full 
power and speed of the invention is realized when operator 
intervention is required at most, once or twice per day. Each 
of the ten primary components (and/or corresponding steps) 
which may comprise an exemplary system is described in 
more detail below. 

1. Sample Receiving Surface 

A preferred embodiment of a sample receiving surface is 55 
illustrated in FIG. 1. The depicted sample plate 10 consists 
of a thin, substantially square plate 12 of stainless steel or 
other suitable electrically conducting material approxi- 
mately 1.5 mm thick and 50 mm wide. The plate 10 may 
contain precisely located holes to allow the position and 60 
orientation of the plate to be accurately determined relative 
to a moveable stage, which is required both in the sample 
loading step and in the ion source of the mass spectrometer. 
The sample plate 10 also contains a plurality of precisely 
determinable sample positions 16 on the upper sample 65 
receiving surface 18 of the plate. These sample positions 
may be determined by a number of photoetched and num- 
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bered sample positions or wells as illustrated in FIG. 1. 
Alternatively, a number of sample positions may be identi- 
fied by electroplated sample spots and numbers on the 
surface 18 of the sample plate, with the sample identification 
providing the row and column number of a respective 
adjoining sample, i.e., position identification 34 being the 
sample in the third row and the fourth column of the 
plurality of samples on the plate 10. 

A plate 10 may thus contain 100 sample positions each 
identified by a sample spot which is about 2.5 mm in 
diameter in a precisely known location on the plate, with 
each sample support being suitable for accepting a few 
microliters of sample solution. Each sample spot may be 
further identified by a corresponding number similarly 
plated or etched on the surface 18. Alternatively, the plate 
may contain a larger number of spots in which photoetched 
sample wells or photoplated sample spots of appropriate 
diameter in precisely known locations are prepared on the 
sample surface without the corresponding sample numbers 
on the surface. The known sample coordinates thus may be 
sufficient to identify each sample well or spot In the case of 
a 400 sample array (20 rows and 20 columns), 2 mm sample 
wells or spots have been used successfully. For a 1024 array 
(32 rows and 32 columns), a 50 mm square plate and 1 mm 
diameter sample positions have been successfully used. 
Another alterative is to use a smooth unmodified sample 
plate in which the x-y coordinates are sufficient to define a 
unique sample position. The detailed description of the 
invention discussed below utilizes 50 mm plates with square 
arrays of sample positions which can accommodate up to 
1024 distinguishable sample positions. Any distribution of 
samples over a surface, either known or unknown, can be 
accommodated. Sample plates of a variety of geometries 
could be used, including circular, rectangular, and regular 
and irregular polygons. The maximum size of the sample 
plate is limited only by the size of the ion source vacuum 
chamber and travel limits of the x-y table on which the 
sample receiving stage is mounted. It should be understood 
that smaller or larger numbers of distinguishable sample 
positions may thus be defined on sample receiving surfaces 
of other geometries. 

In a preferred embodiment as illustrated in FIG. 1, a 
ferromagnetic material handle 20 is attached along one edge 
of the plate on the bottom side, i.e., the side opposite the 
receiving surface for the samples. This handle 20 may have 
a rectilinear cross-sectional configuration, and is used to 
engage an electromagnetic device for the purpose of trans- 
porting the sample plate between component systems. 

The sample plate 10 has beveled comers 22 yet provides 
a total square surface having 50 mm sides interior of the 
beveled comers on the top surface of the plate 10 for 
receiving multiple samples. Samples may be deposited on 
this plate in a variety of ways, and for explanation purposes 
it may be assumed that an array of circular spots 16 is 
photoetched into the plate 10 along with identifying num- 
bers. This arrangement easily accommodates up to 1024 
sample spots each 1 mm in diameter in a 32x32 array 
without identifying numbers. Each of these 1024 sample 
spots will accommodate about 100 nanoliters of sample 
solution. 

As shown in FIG. 2, the samples alternatively may be 
deposited on the ends 24 of removable pins 26, and the pins 
locked into a two dimensional array using a sample holder 
positioned on a sample plate 10A. A suitable holder 28 may 
have a rectangular horizontal cross-section, and may be 
sized to receive a 5x5 array of vertical pins. Samples of 
interest are thus deposited in known locations or spots on the 
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surface of the sample holder. In other cases, the locations of 
samples of interest may not be of particular significance. For 
example, a system may be employed with samples deposited 
by blotting from a two-dimensional gel, in which case 
samples of interest may be distributed in an unknown partem 5 
over the sample surface. 

As shown in FIG. 1, the sample plate 10 has two or more 
precisely located holes 14A, 14B and 14C each located near 
an edge of the plate 10. These holes 14 locate the sample 
holder when installed in the sample receiving stage in the ion 10 
source of the mass spectrometer and in the sample transport 
trays. The magnetic material bar 20 may be engaged by an 
energized electromagnet (not shown) to assist in transport- 
ing the sample holder into the sample receiving stage, as 
discussed subsequently. 15 

2. Identification of Sample Position and Plate 

The x-y coordinate of each sample position on one side 
(typically the top side) of the sample plate may be used to 
determine a unique sample position on each sample plate. 
The diameter of a sample spot centered on each position may 20 
be used to further define a sample position. The minimum 
data required to uniquely identify a sample position is the 
x-y coordinate and the diameter of the spot. As discussed 
above, the sample position may be further defined by a 
photoetched well or photoplated spot centered at the corre- 25 
sponding x-y coordinate on the sample plate, and may be 
even further defined by the corresponding number etched or 
plated near the corresponding sample spot 

Each particular sample plate may be identified by a serial 
number etched into the top surface of the plate or attached 30 
to or etched into the bottom surface of the plate. A computer 
readable bar code may be used with a sufficient number of 
digits to uniquely identify the sample plate relative to any 
other which might be encountered within a series of similar 
runs. The systems involved in applying the samples to the 35 
sample plates and those for loading the plates into the mass 
spectrometer as discussed below may also be equipped with 
bar code readers to provide the required identification of the 
sample plates. 

3. Processing and Preparing Samples 40 
The details of this component will depend on the appli- 
cation, the types of samples to be tested, and the degree to 
which the samples are prepared and purified prior to being 
input to the analysis system described below. The following 45 
discussion sets forth the representative steps required to 
carry out an automated MALDI analysis. It should be 
appreciated that additional automated sample preparation 
and purification steps could be added. Rate-determining 
steps may be used, for example, to determine the speed with 50 
which the complete determination can be done. 

The invention is particularly suited for DNA sequencing. 
For this purpose, it is assumed that a set of sequencing 
mixtures has been prepared off-line using either the 
Maxxam-Gilbert or Sanger method. The mixtures may be 55 
presented to the system in the form of liquid solutions in 
small vials or tubes in a tray which may be accessed by an 
autosampler. Substantially the same samples in the same 
form may be presented for separation by electrophoresis in 
conventional DNA sequencing. 60 

With reference to FIG. 3, the sample processing compo- 
nents include an autosampler 40, valve means 42 for con- 
trollably adding an appropriate solution of matrix from 
containers 44 to each sample, and a pump or other flow 
system 46 for transferring liquid samples from a selected 65 
sample to a known sample position on the sample plate. The 
sample plate is precisely located on a holder mounted on a 




computer-controlled x-y table 48. Each sample position may 
be computer recorded at the time the sample aliquot is 
transferred to the plate. Hie autosampler may be similar to 
autosamplers used with capillary electrophoresis. 

FIG. 3 illustrates one embodiment of a suitable system 30 
for preparing and processing samples. Samples are pre- 
sented to the system in standard sample vials, such as small 
plastic Eppendorf tubes 33. A large number of samples tubes 
may be accommodated within a sample input tray 34. The 
person providing the samples enters sample ID information 
in computer 36, selects the dilutions and matrixes required, 
and sets the internal standards and relative concentrations, if 
required, for each sample. The system prepares the 
requested sample dilutions and matrix and standard addi- 
tions, and transfers each sample aliquot to a known position 
on the sample plate 10 discussed above. Trie computer 36 
generates a data file containing sample ID, dilution, matrix, 
and internal standard (if any) for each position on the sample 
plate. The sample plate from transporter 50 is capable of 
automatically changing the sample plate when it is filled, 
and transporting the filled sample plate to a cassette 54 for 
sample drying and storage. Each plate is identified with a bar 
code and both the sample preparation system and the 
MALDI instrument are equipped with bar code readers for 
automatic sample tracking. Individual sample plates or 
cassettes containing up to 20 sample plates may be trans- 
ferred along with the sample data to the MALDI instrument 
for analysis. The computer controlling the sample prepara- 
tion system is networked with the computer (shown in FIG. 
8) controlling the mass spectrometer, so that both sample 
information and mass spectral data may be exchanged 
between the two computers. The samples accordingly may 
be prepared in one laboratory and the data processed there, 
even if the MALDI instrument is in a different location. This 
feature also allows multiple sample processing and loading 
stations to be used with a single mass spectrometer. 

4. Drying and Storing Sample Plates 

When each sample location on a plate has been loaded 
with a -sample, the samples are allowed to dry before the 
plate is transferred into the vacuum chamber of the mass 
spectrometer. In the simplest case, the plates may be trans- 
ferred from the sample loading system to a rack or cassette 
where they are allowed to dry in laboratory air. In the 
preferred embodiment, however, this rack or cassette 54 is 
located inside a sealed chamber 52 equipped with a com- 
puter-controlled door 56 which allows the samples to be 
dried in an environment in which the pressure, temperature, 
and composition of the surrounding atmosphere is con- 
trolled. In the fully automated mode, each of the loaded and 
dried sample plates may be transferred from the sample plate 
storage chamber 52 to an adjacent mass spectrometer. Alter- 
natively, the samples may be prepared and loaded off-line 
onto the sample plates. When a sufficient number of sample 
plates has been loaded with samples, the plurality of sample 
plates may be transferred manually to the mass spectrometer 
and loaded as a complete cassette using the manually 
operated sample loading door. 

5. Transferring Sample Plates into the Mass Spectrometer 
Sample Receiving Chamber 

The manual step involved in loading the sample plates 
may be eliminated by adding a sample storage region to the 
vacuum lock chamber of a mass spectrometer, as shown 
schematically in FIGS. 4 and 5. This provision, when 
coupled with on-line sample loading, allows the system to be 
operated in a fully automatic, unattended mode. In this 
configuration, an input door 58 is located between the 
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vacuum lock chamber 68 and the storage chamber 60. An air 
cylinder transporter 89 equipped with electromagnets is 
provided for transporting sample plates 10 from the trans- 
port tray 80 within the storage chamber 60 to the vacuum 
lock chamber 68. The tray or cassette 80 contains multiple 5 
shelves and corresponding slots each for storing a sample 
plate. A cassette transport drive mechanism including a lead 
screw 64 driven by a stepper motor 66 is provided to allow 
any selected one of these slots and a corresponding plate 10 
in the cassette 80 to be brought into line with transporter 89. io 

The system as shown in FIGS. 4 and 5 allows sample 
plates 10 to be loaded into the storage region of the vacuum 
lock chamber 68, while another sample plate 10 is being 
analyzed in the ion source chamber 74 of a mass spectrom- 
eter. In fully automatic operation, whenever a new sample 15 
plate 10 may be loaded, the storage chamber 60 is evacuated, 
the input door 58 between the storage chamber 60 and the 
vacuum lock chamber 68 is opened, and the new sample 
plate is automatically moved by transporter 89 to a sample 
transport tray 87 provided in the vacuum lock chamber 68. 20 
The input door 58 is then closed and the vacuum lock 
chamber 68 remains evacuated. The plate 10 positioned by 
sample transport tray 87 is moved within chamber 68 by an 
air cylinder transport mechanism 78. 

When analysis of the samples on one plate 10 within the 25 
ion source is completed, the plate 10 is ejected and placed 
in a vacant slot in the sample storage cassette 80. This 
cassette 80 is then moved by stepper motor 66 and lead 
screw 64 to bring a new sample.plate in the transport tray 80 
in line with the transporter 89, and the new sample plate is 30 
loaded. The exchange of samples may thus be accomplished 
without venting of the vacuum lock chamber 68, which was 
evacuated during the time that the samples on the previous 
plate were being analyzed. This allows sample plates to be 
changed very quickly (at most a few seconds) while main- 3 * 
taining the ion source at high vacuum. 

The sample storage chamber 60 is equipped with a 
manually operated door 70 through which a number of 
sample plates loaded with samples off-line can be introduced 
simultaneously. To load a set of samples, a "manual load" 40 
setting is selected on the computer 36. This causes the 
sample storage chamber 60 to be vented to atmosphere via 
vent valve 72, and allows the manual load door 70 to be 
opened. The samples are then loaded and the chamber 
evacuated. The entire set of sample plates can now be 45 
analyzed automatically without further operator interven- 
tion, 

6. Automated Vacuum Lock System 

The vacuum lock chamber 68 is equipped with computer 50 
controlled valves and mechanical transport devices which 
allow the sample plates 10 to be transported under computer 
control from the sample storage chamber 60 (which may be 
at atmospheric pressure) to the sample receiving stage 
within the evacuated ion source chamber 74 of a mass 55 
spectrometer, without venting the evacuated chamber 74. 
The vacuum lock chamber 68 has an input port which may 
be opened or closed by door 58 and through which sample, 
plates are loaded from the sample storage chamber 60 into 
the vacuum lock chamber 68. An output port through which 60 
a sample plate is transported from the vacuum lock chamber 
68 to the ion source vacuum chamber 74 is similarly opened 
and closed by output door 76. Each door includes an "O" 
ring seal and may be opened and closed by a respective air 
cylinder 75 controlled from the computer 107. & 

A preferred embodiment of the vacuum lock chamber 68 
is depicted in FIG. 5 with its associated valves and trans- 
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porters suitable for fully automated operation. A cassette 80 
containing a number (typically 20) loaded sample plates 10 
may be transferred from either an off-line sample storage 
chamber or a sample storage chamber 60 attached to the 
vacuum lock chamber and thus the mass spectrometer. 
Before loading a sample plate 10 into the storage chamber 
60 for subsequent analysis by the mass spectrometer, it may 
be assumed that the sample loading doors 58 and 76 are 
closed, the vent valve 72 is closed, and the pumpout valve 
82 connecting the mechanical vacuum pump 85 with the 
vacuum lock chamber 68 is closed. The pumpout valve 86 
connecting the mechanical vacuum pump 85 with the. stor- 
age chamber 60 is first opened, thus evacuating the sample 
storage chamber. When the residual pressure in this chamber 
60 has reached a predetermined acceptable vacuum level 
(e.g., 20 millitorr), the valve 82 is opened, and the input and 
output doors 58 and 76 are opened, allowing sample plates 
to be transported between the sample storage chamber 60 
and the ion source chamber 74 of the mass spectrometer 
without significantly degrading the vacuum of the mass 
spectrometer. A conventional vacuum pump 96 is provided 
for maintaining the chamber 74 at a desired pressure. Once 
transport of a plate 10 is complete, the doors 58 and 76 may 
be closed by computer control. The fully automatic opera- 
tion of the vacuum lock involves the cycle steps which begin 
with completing the measurements on the previous sample 
plate, and end with beginning the measurements on the next 
sample. 

A simplified version of the vacuum lock designed for use 
with remote sample storage chamber is shown schematically 
in FIGS. 6 and 7. This system is suitable for manually 
loading individual sample plates into the mass spectrometer 
without venting the mass spectrometer vacuum system. 
Prior to loading a sample plate, it may be assumed that the 
output door 76A is closed, and the pumpout valve 82A is 
closed. The vent valve 72A is opened allowing the pressure 
in vacuum lock chamber 92 to be raised to that of the 
surrounding atmosphere while the vacuum pump 96A 
attached to the ion source chamber 97 maintains the ion 
source chamber under high vacuum. The input door 98 is 
then opened and the sample transport tray 99 is transported 
by its air cylinder 78B through the input door 98 to a point 
where it is accessible for loading. The sample plates 10 may 
be manually loaded into the sample transport tray 99. Under 
computer control following a command from the operator, 
the tray 99 containing a sample plate is retracted into the 
vacuum lock chamber 92 by air cylinder 78B, and the input 
door 98 is then closed. The vent valve 72A is then closed, 
and the pumpout valve 82A is opened and the pump 84A 
activated until the vacuum lock chamber 92 is sufficiently 
evacuated. When a satisfactory pressure has been reached 
(typically 50 milliliter), the output door 76A is opened. 

With reference now to FIG. 7, the sample plate 10 is then 
transported from the transport tray 99 to the sample receiv- 
ing stage, i.e., the ion source chamber 97, of the mass 
spectrometer. This transport is accomplished by energizing 
a small electromagnet 102 attached to the actuator rod 104 
of the air cylinder 89A. When energized, this electromagnet 
102 engages the strip of magnetic material 20 attached to the 
sample plate 10 and firmly holds the plate 10 until the 
magnet is de-energized. After the sample is in place in the 
sample receiving stage 94 of the mass spectrometer, the 
magnet 102 is de-energized and the transporter cylinder 89A 
is retracted, leaving the sample plate 10 in the chamber 97. 
The output door 76A is then closed and the mass spectrom- 
eter is ready for testing the new samples on plate 10. The 
complete loading operation takes less than one minute, and 
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very little gas is introduced into the ion source vacuum 
chamber during this operation. 

To eject the sample plate and load a new one the process 
is reversed. First the output door 76A is opened, and the 
transport cylinder 89 A equipped with the electromagnet 102 
is extended so that the electromagnet makes contact with the 
magnetic strip on the sample plate 10. The electromagnet is 
energized and the cylinder 89A retracted to move the sample 
plate from the ion source chamber 97 to the transport tray 99 
in the vacuum lock chamber 92. The output door 76A is 
closed, the magnet 102 is de-energized, the input door 98 is 
opened, and the sample tray 99 extended so that the old 
sample plate can be removed by the operator and replaced 
with a new sample plate. Except for this final step, the entire 
operation is accomplished entirely under control of com- 
puter 107 with no intervention from the operator except for 
selecting a "eject" setting on the computer to remove a 
sample, and an "operate" setting to load a new sample and 
begin the test 

Operation of the fully automated system shown in FIGS. 
4 and 5 is thus sirnilar to the system shown in FIGS. 6 and 

7 except that operator intervention is minimized in the FIG. 
4 system. A preferred system according to this invention 
combines the features of the systems discussed above. FIG. 

8 discloses a system 108 for analyzing a plurality of samples 
and includes an additional electromagnetic transporter 89B 
which transports sample plates from cassette 80A containing 
vacant sample plates 10 to the sample loading system 30. 
After loading, the sample plates 10 are transported by 
transporter 89B to the sample storage chamber 60. Hie 
cassettes discussed above may each hold up to 20 sample 
plates in a vertical stack. The cassette 80 which supplies 
plates 10 to the ion source chamber has at least one empty 
slot when a sample plate is being tested in the ion source 
chamber 74. The position of this cassette in the storage 
chamber may be controlled by a computer driven stepper 
motor as described above so that any selected slot in the 
storage cassette can be brought into the plane defined by the 
respective sample plate transporter 89. A tested sample plate 
may be transported from ion source chamber to a vacant slot 
in the cassette within the vacuum lock chamber, and the 
sample cassette indexed to position another sample plate for 
transport from the vacuum lock chamber to the ion source 
chamber, then the sample door closed and the new samples 
on the new plate tested. While the mass spectrometer is 
testing one sample plate, new samples may be manually or 
automatically loaded and/or tested using sample plates 
removed without interfering with the mass spectrometer or 
it vacuum system Computer 107 controls the mass spec- 
trometer and the position of the system components 
described above. 

7. Sequentially Testing Loaded Sample Plates 
A preferred embodiment of the ion source 110 and a 
MALDI mass spectrometer 112 is depicted in FIG. 9. A 
stainless steel block 118 is rigidly mounted to an x-y tabic 55 
114 via electrically insulating posts 116 made of ceramic or 
polyamide. The block 118 and table 114 may be positioned 
within the ion source chamber 74 (or 97) discussed above. 
An electrical potential of . up to approximately 30 kV, posi- 
tive or negative, may be applied to block 118 by a connec- 60 
tion to an external power supply 115. The x-y position of the 
block 118 is controlled by one or more stepper motor driven 
micrometer screws (not shown) conventionally used with 
x-y tables. The block 118 is equipped with standard lip-type 
guide plates 121 to assist in transporting the sample plate 10 65 
into position on the face 117 of block 118. Conventional 
securing members, such as spring loaded balls 119 may be 
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used to cooperate with the holes 14 in the plate 10 to lock 
the sample plate into position with respect to the block 118. 

With computer control of the stepper motors, this system 
allows any selected point on the sample plate to be posi- 
tioned precisely (typically within one thousandth of an inch) 
on the optic axis of the mass spectrometer where it is 
irradiated by the laser beam 136. Beam 136 strikes a sample 
on plate 10 at point 120 within plane 117, resulting in ion 
beam 134. Accordingly ions may be produced from each 
sample on the plate 10, which is moved automatically by the 
x-y table 114 between sample positions with respect to the 
laser beam. 

The remaining components of a suitable time-of-flight 
mass spectrometer 112 as shown in FIG. 9 include a metal 
plate 124 having a grid hole 122 therein, and a metal plate 
128 having a grid hole 126 therein. Hie metal plate 128 may 
be maintained at ground potential and voltages applied to 
block 118 and plate 124 may be varied to set the accelerating 
electrical potential desired, which is typically in the range 
from 15,000 to 50,000 volts. A suitable voltage potential 
between block 118 and plate 124 is 10,000 volts, and a 
suitable voltage potential between plate 124 and plate 128 is 
from 10,000 to 40,000 volts. 

Most of the low weight ions are prevented from reaching 
the detector 140 by deflection plates 130 and 132, which 
may be spaced 1 cm. apart. Plate 130 may be a ground 
potential. Plate 132 receives a square wave pulse timed as a 
function of the laser beam striking a particular sample. Each 
pulse thus suppresses low mass ions, so that substantially 
only desired ions reach the detector 140. Other details with 
respect to a suitable spectrometer are disclosed in U.S. Pat. 
Nos. 5,045,694 and 5,160,840. 

8. Automatically Adjusting Laser Intensity and Sample 
Position 

In MALDI, the intensity and quality of the mass spectra 
generated is strongly dependent on the intensity of the plume 
of ionized and neutral material that is produced by the 
incident laser pulse impinging on the sample and matrix. 
This intensity depends on the laser intensity, the composition 
of the matrix used, and details of the crystalline structure of 
the matrix and sample on the surface. While it is possible to 
establish a narrow range of laser intensities, which produce 
acceptable spectra, one typically cannot predict with the 
desired precision the laser intensity which will yield the best 
results on a particular sample. In general, if the laser 
intensity is too high, the signal-to-noise ratio may be excel- 
lent, but the mass resolution and mass accuracy is degraded. 
Conversely, if the laser intensity is too 'low, the mass 
resolution and accuracy are satisfactory, but the signal level 
is low and signal-to-noise ratio is poor. Also, the surfaces of 
multiple samples on a plate tend to be non-uniform, so that 
some locations yield excellent results and others do not. 
Under manual control of the laser beam and sample position, 
it is possible through a process of trial and error to find a 
combination of laser intensity and sample position which 
provides excellent results. 

An automatic control used according to this invention 
closely mirrors what is generally the most successful strat- 
egy when operating manually. The intensity of the beam 
output 136 from the laser source 148 is increased until the 
ion signal suddenly appears at a relatively high setting. At 
this point, signal-to-noise is excellent, but resolution is poor. 
As the laser intensity is decreased, the signal may actually 
increase at first (sometimes going into saturation), but at 
some lower intensity the signal is decreased, and the reso- 
lution is dramatically increased. With an improved attenu- 
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ator 138, this hysteresis appears to be entirely related to 
changes in the sample properties, and is not due to hysteresis 
in the attenuator. The upper and lower values for these 
events are very reasonably reproducible and appear to 
depend primarily on the particular matrix used, and only 5 
weakly on the sample preparation, source voltage, or other 
parameters. 

The strategy for exploiting these observations in the 
automatic mode follows. The upper and lower limits in the 
acquisition set-up menu and the laser step size are estab- 10 
lished. Two choices are provided for the number of spectra 
to be averaged: an upper number and a lower number. The 
upper number of spectra are averaged when the laser beam 
136 is at its maximum intensity, and the lower number is 
used at all other laser intensities. 15 

When a new sample is selected by the autosampler menu, 
the acquisition starts with the laser beam 136 set at the upper 
limit. The number of spectra requested is averaged. If a 
spectrum acquired contains intensity within the desired mass 
and intensity limits set, the spectrum is saved and calibrated 20 
using the upper calibration file associated with this set-up 
file. If the spectrum acquired is too intense, i.e., the maxi- 
mum intensity within the mass window is greater than the 
upper intensity level (typically set just below saturation), the 
laser intensity is decreased by one increment and the process 
repeated until a spectrum meeting the selection criteria is 
obtained or the lower limit is reached. If the spectrum is too 
weak, i.e., the maximum intensity within the mass window 
is too weak, the sample is incremented to a new spot and the 
process is repeated. If a spectrum is obtained which has 30 
intensity within the chosen limits at any laser intensity other 
than the lower limit, that spectrum is saved as an upper 
intensity spectrum and the upper calibration file associated 
with the acquisition set-up file is used. If an acceptable 
spectrum is obtained at the lower limit of laser intensity, that 35 
spectrum is saved as a lower intensity spectrum and the 
lower calibration file associated with the acquisition set-up 
file is used. If both an upper and a lower intensity spectrum 
are obtained on the selected sample spot, the acquisition 
proceeds to the next sample. If only one of these is obtained, 40 
or neither one, the sample is incremented to a new spot until 
both an upper and a lower spectrum have been saved, or until 
the range of possible sample spots has been exhausted. 

9. Automatically Calibrating the Mass Axis 45 

During automatic operation of the MALDI instrument, an 
automatic procedure may be used for checking the calibra- 
tion of and recalibrating the mass scale to maintain the 
desired mass accuracy. This can be accomplished by loading 
a sample plate containing one or more known samples so 50 
that the known mass spectrum can be used to automatically 
check and correct the mass scale as necessary. 

The procedure for calibrating the mass axis is described 
below. Each acquisition set-up file must have both an upper 
and a lower calibration file associated with it These files 55 
may be chosen from a list of files already in existence by the 
operator preparing the set-up file, or may be generated using 
the "calibrate" selection in the set-up file for calibration 
based on a selected known sample. Each calibration file 
which is saved may have all of the parameters associated 60 
with its generation saved, so that in the event the operator 
chooses a calibration file which employs different parameter 
values, a warning is given and the acquisition set-up file 
corresponding to the one that was used may be displayed 
with the parameters highlighted that are different from those 65 
which have been selected in the new acquisition set-up. The 
operator has the option of approving the chosen calibration 



file which is then associated with the new set-up file, even 
if some parameters are different Alternatively, the operator 
may reject the chosen calibration file, return to the set-up 
file, and either choose a different calibration file or generate 
a new one. If a new calibration file is generated using a 
particular set-up file, a "check replace" selection may be 
employed to determine if the file is to replace a pre-existing 
calibration file. A new designation for upper or lower 
calibration numbers is also an option. 

In addition to the above changes in the manual calibration 
procedure, an automatic calibration mode may be used. 
Particular samples on the sample plate may be identified as 
calibration samples, and the calibration compound selected 
from a list For each sample or calibration compound, the 
matrix from a list may be selected. For each calibration 
compound and matrix combination chosen, a list of masses 
and laser intensities may be stored. The normally used mass 
and intensity valves may be entered as an initial equipment 
set-up. A service technician will be able to alter initial 
factory data at the location of the customer. 

During automatic calibration, the procedure for acquiring 
the calibration spectrum is the same as for acquiring data 
from a sample. If the calibration designation is selected in 
the autosampler set-up, that sample is treated as a calibration 
sample and the spectrum obtained is compared to that 
expected from the reference file. If peaks are found within 
the default values of mass and intensity (typically set by the 
service technician), the calibration file for the particular 
acquisition set-up and laser intensity being used is re- 
computed, and the old file replaced by the new file. If the 
observed spectrum falls outside the default limits, a warning 
message is momentarily displayed and then stored for later 
display when the data are processed. If the attempted cali- 
bration does not succeed, the old value is retained, and 
automatic acquisition proceeds. For instrument service pur- 
poses, it may be desirable to retain the old calibration files 
in a directory accessible to the service technician. 

To implement the above, columns may be added to the 
autosampler set-up menu. These columns might include a 
choice of sample or calibrant, a choice of matrices from a 
pull-down list, and a pull-down menu showing the list of 
known calibrants. The operator may also enter new param- 
eters characterizing a new calibrant within another column. 
The operator may also have the option of designating a 
matrix choice in the acquisition set-up file. 

10. Automatically Interpreting the MALDI Mass Spectra 

Mass spectra interpretation depend on the type of samples 
analyzed and the information required The first step is to 
convert the observed time-of-flight spectrum into a mass 
spectrum, i.e., a table of masses and intensities for all of the 
peaks observed in the time-of-flight spectra. Peaks that are 
known to be due to the matrix or other extraneous material - 
will normally be deleted from this list This mass spectrum 
is obtained by calculating the centroid and integral intensity 
of each peak. The peak width may also be included (e.g., full 
width at half maximum) to provide a measure of the maxi- 
mum uncertainty in the mass determination. 

In the application to DNA sequencing, each set of four 
samples consists of one sample ending, so that all possible 
fragments ending in a specific base are included in each 
sample set. Accordingly, for each DNA fragment to be 
sequenced, there is a sample with all possible fragments 
terminating in C, T, A, and G, respectively. Each of these 
fragments is observed as a peak in the time-of-flight spec- 
trum of that sample. By superimposing the four spectra, the 
sequence of bases can be read directly. Furthermore, the 



